Each egg yields only 1 dose of vaccine antigen; production and purification procedures are laborious and require large numbers of fertilized eggs that must be ordered and prepared in advance; and virus strains must be adapted to grow in eggs, a timeconsuming process that can result in alterations in antigens that lead to suboptimal immunogenicity [3] [4] [5] . Furthermore, the majority of currently circulating human A/H3N2 strains cannot be grown in eggs [6] , which can restrict strain selection.
Recent developments in vaccine-production technology have used cell culture for virus propagation rather than embryonated chicken eggs. Cell culture technology offers a reliable and flexible production process because of the ready availability of raw material [7] and can be performed using closed aseptic techniques [8] . In addition, growth of a broad range of authentic virus strains is possible in cell culture without adaptation [5, 9] . Additional advantages are the suitability of cell culturederived vaccines for persons with egg allergies and their greater acceptability for use in infants, given that they can be produced without using preservatives, antibiotics, or stabilizers [10] .
One of the cell substrates investigated for influenza vaccine production is Madin-Darby canine kidney (MDCK) cells [11] [12] [13] . MDCK cells have been used for the isolation of a wide variety of human influenza viruses [14] , resulting in high-yield virus propagation with good replication accuracy [15] . In a phase 1-2 trial, a novel MDCK cell-derived subunit influenza vaccine was shown to have an immune response and safety profile similar to that of a conventional egg-based vaccine [16] . Here, we report the results of a large phase 3 trial designed to evaluate the safety and noninferior immunogenicity of the cell culture-derived influenza vaccine (CCIV) compared with an egg-based vaccine in adult and elderly populations.
METHODS

Study population.
This was a phase 3, randomized, observerblind study conducted at 5 centers in Poland during the 2004-2005 Northern Hemisphere influenza season. Adult (18-60 years of age) and elderly (у61 years of age) volunteers, in good health for their age, were enrolled. Those with a history of hypersensitivity to study vaccine components, impaired or altered immune function, laboratory-confirmed influenza, or vaccination against influenza during the 6 months before enrollment were excluded. Written informed consent was obtained from all participants, and the study was conducted under a protocol reviewed and approved by an institutional review board.
Study vaccines. The 2 subunit influenza vaccines used in the study were produced by Novartis Vaccines and Diagnostics: the test CCIV was produced in MDCK cells, and the licensed influenza control vaccine (Agrippal) was conventionally produced in eggs. Seed viruses were egg adapted by the UK National Institute for Biological Standards and Control. Each 0.5- [17] .
By means of randomization lists provided by designated study personnel, participants were randomly assigned (1:1) to receive 1 dose of either CCIV or control vaccine by intramuscular injection. The study was conducted in a blinded fashion, with neither the participant nor the investigation site personnel aware of the identity of the administered vaccine. Blood samples (∼10 mL) for immunogenicity measurements were collected immediately before vaccination (day 1) and after 3 weeks (day 22). Safety assessment was performed up to 6 months after vaccination, as described below.
Safety assessment. Each participant maintained a daily diary card for 22 days after vaccination. For the first 7 days, participants were asked to record occurrences of solicited local and systemic reactions, other indicators of reactogenicity (ie, axillary temperature, the use of analgesic or antipyretic medication, the impact of vaccination on daily activities), and any other adverse events (AEs). All AEs were recorded up to 3 weeks after vaccination, and all serious AEs or those AEs resulting in premature withdrawal from the study were recorded up to 6 months after vaccination.
Immunogenicity assessment. Serum levels of antibodies against the egg-derived A/H1N1, A/H3N2, and B influenza virus strains contained in the vaccines were measured using the hemagglutination inhibition (HI) assay, as described elsewhere [18] . Immunogenicity was evaluated using the European Union Committee for Medicinal Products for Human Use (CHMP) criteria: for seroprotection, an HI titer у40 in 170% of adult and 160% of elderly participants; for geometric mean ratio (GMR), a postvaccination increase of 12.5 in adult and 12.0 in elderly participants; and for seroconversion, a change in HI titer from !10 to у40 or a у4-fold increase in HI titer in 140% of adult and 130% of elderly participants.
Statistical analysis. The primary objective of the study was to evaluate the immunogenicity of the CCIV compared with that of the control vaccine according to the CHMP criteria. The secondary objective was to demonstrate the noninferiority of CCIV compared with control vaccine for correlates of protection. Analyses were performed using SAS software (version 8.2; SAS Institute), on the basis of a predefined analysis plan developed by Novartis Vaccines and Diagnostics.
To test the null hypothesis with 80% power, a total of 2650 participants were required, with at least 583 adult and 605 elderly participants in each vaccine group. Criteria for determining the noninferiority of the CCIV compared with the control vaccine were as follows for all 3 antigens: (1) the lower limit of the 95% confidence interval (CI) for the difference NOTE. Data are geometric mean titers of antibodies to the 3 vaccine antigens before and 3 weeks after vaccination, along with geometric mean ratios of the responses (after to before). Values in parentheses are 95% confidence intervals. Adult participants were 18-60 years of age, and elderly participants were у61 years of age.
between the CCIV and control groups in the percentage of subjects achieving seroprotection was more than Ϫ10%; (2) the lower limit of the 95% CI for the difference between the CCIV and control groups in the percentage of subjects achieving seroconversion was more than Ϫ10%; and (3) the lower limit of the 95% CI for the day 22 GMR (CCIV to control vaccine) was 10.5. Demographic information, safety, and tolerability were analyzed using descriptive statistics. For safety, significant differences ( ) between vaccine groups were determined P ! .05 using the Pearson x 2 test. Demographic information was analyzed using all randomized subjects; safety and tolerability were evaluated for all subjects with at least 1 vaccination and some postbaseline safety data. Immunogenicity was analyzed for subjects who received the vaccination correctly, provided evaluable data before and after vaccination, and had no major protocol violations (per-protocol population).
Role of the funding source. As the study sponsor, Novartis Vaccines and Diagnostics designed the study in collaboration with the investigators and wrote the study protocol but had no role in on-site data collection.
RESULTS
Participant characteristics.
A total of 2654 participants were enrolled, and 199% completed the study and were included in the per-protocol population analysis-1294 (99.5%) of the 1300 enrolled adult participants and 1346 (99.4%) of the 1354 enrolled elderly participants. Withdrawals were evenly balanced between the 2 vaccine groups, and none were for safety reasons. Medical histories and patient demographics were similar in the 2 vaccine groups, including age (mean ‫ע‬ SD, and 38.7 ‫ע‬ 12.7 years among adult participants and and 38.7 ‫ע‬ 12.7 69.1 ‫ע‬ 5.7 years among elderly participants in the CCIV and 68.8 ‫ע‬ 5.6 control groups, respectively), the proportion of male participants (42% and 43% among adult participants and 42% and 43% among elderly participants in the CCIV and control groups, respectively), and the proportion previously vaccinated against influenza (38% and 42% among adult participants in the CCIV and control groups, respectively, and 59% among elderly participants in both the CCIV and the control group).
Immunogenicity. Serologic parameters before vaccination were comparable in the CCIV and control groups. The percentages of subjects who did not have seroprotective levels of antibody before vaccination were similar between vaccine groups among adult participants (29% and 33% for A/H1N1, 65% and 63% for A/H3N2, and 16% and 18% for B in the CCIV and control groups, respectively) and elderly participants (30% and 31% for A/H1N1, 66% and 59% for A/H3N2, and 23% and 20% for B in the CCIV and control groups, respectively). Strong immune responses were obtained in all 4 groups and were similar for both vaccines for each strain in each age range (table 1) . Responses were also similar across the age groups, except for a lower response to H1N1 among elderly participants compared with adults 18-60 years of age ( figure 1) .
The immunological noninferiority of the CCIV to the control vaccine was demonstrated in both age groups for all 3 CHMP immunogenicity criteria for all 3 virus strains (figure 2). In both age cohorts, both vaccines elicited seroprotection rates that surpassed CHMP criteria for all 3 influenza strains (among adult participants, 90%-99% for CCIV and 91%-99% for control vaccine; among elderly participants, 85%-97% for CCIV and 85%-98% for control vaccine) ( figure 1A) . Similarly, GMRs Figure 1 . Assessment of seroprotection rates (A), geometric mean ratios (GMRs) of the hemagglutination inhibition (HI) titer on day 22 after vaccination to that before vaccination (B), and seroconversion rates (C) for cell culture-derived influenza vaccine (CCIV) and conventional egg-based vaccine (control) against egg-derived viral antigens in adult (18-60 years old;
) and elderly (у61 years old, ) participants in the n p 1294 n p 1346 per-protocol population. Error bars represent 95% confidence intervals. Dashed lines indicate the European Union Committee for Medicinal Products for Human Use criteria for nonelderly adults (black) and elderly individuals (gray). Seroprotection was defined as an HI titer у40, and seroconversion was defined as an HI titer !10 before vaccination and у40 after vaccination or an HI titer у10 before vaccination and a у4-fold increase after vaccination.
and seroconversion rates among both adult and elderly participants exceeded CHMP requirements for all 3 strains ( figure  1B and 1C) . Among the subset of subjects who were initially not seroprotected, all CHMP requirements were met for all 3 strains for both vaccines in both age groups.
A large proportion of the elderly participants and a smaller proportion of the adult participants had histories of chronic medical conditions. Therefore, an additional analysis was performed in a subset of this population (for elderly participants, for CCIV and for control vaccine; for adult n p 341 n p 317 participants, for CCIV and for control vaccine) n p 54 n p 67 who had a history of at least 2 diseases from the following categories: circulatory system, endocrine and immune system, nutrition and metabolism, respiratory system, digestive system, genitourinary system, infection, and parasites. All 3 CHMP criteria were met for all 3 strains in both vaccine groups for these participants with an unfavorable medical background who would be considered a priority group for immunization by current recommendations. Safety and tolerability. Both vaccines were generally safe and well tolerated, with similar reactogenicity profiles. Solicited local or systemic reactions were experienced by 40% of adult ) and elderly (у61 years old; ) participants, on the basis of seroprotection rates (A), geometric mean n p 1294 n p 1346 ratios (GMRs) of the hemagglutination inhibition (HI) titer on day 22 in the CCIV group to that in the control group (B), and seroconversion rates (C). Dashed lines indicate the values above which noninferiority (lower confidence interval, more than Ϫ10%) was concluded. Seroprotection was defined as an HI titer у40, and seroconversion was defined as an HI titer !10 before vaccination and у40 after vaccination or an HI titer у10 before vaccination and a у4-fold increase after vaccination. Vertical lines represent 95% confidence intervals.
participants and 33% of elderly participants. Among adult participants, local reactions (32% for CCIV vs 31% for control vaccine) were more frequent than systemic reactions (22% for CCIV vs 23% for control vaccine), whereas among elderly participants the incidences of local and systemic reactions were similar.
Incidences of individual solicited local and systemic reactions, together with other indicators of reactogenicity, are shown in table 2. The only significant difference between the CCIV and control groups was a higher frequency of injection site pain reported by adult (22% and 17%, respectively; P ! ) and elderly (9% and 5%, respectively; ) CCIV re-.05 P ! .001 cipients. However, 199% of pain reports were graded as mild or moderate and the pain usually resolved within 48 h of vaccination, so this difference was not considered to be clinically meaningful. The most frequent systemic reactions were headache, fatigue, and malaise, which occurred in 10% to 12% of all participants. Fewer than 1% of vaccinees reported fever, all of which were mild to moderate (у38ЊC), with no reports of severe fever (у40ЊC). Analgesic or antipyretic use was low and similar in both vaccine groups, and there were no differences in the numbers who reported disruption of their usual activity (staying at home) because of vaccination.
During the study period, reported unsolicited AEs were mostly mild or moderate in severity, with no difference reported between vaccine groups (13%-15% among all groups). AEs considered to be possibly or probably related to the vaccine were reported in 2% of the CCIV group and in 4% of the control group among adult participants and in 2% of the CCIV and control groups among elderly participants. These AEs were generally mild influenza-like symptoms and were known adverse effects of influenza vaccination. None of the serious AEs, which occurred in 1% of adult and 3% of elderly participants, were judged to be related to the vaccines. Three deaths occurred, all in elderly subjects (1 in the CCIV group and 2 in the control group); however, these were unrelated to the study vaccines and were most likely due to underlying comorbidities.
DISCUSSION
Constraints on vaccine-manufacturing capacity is a major concern against the background of an impending influenza pandemic and increased demand for seasonal influenza vaccines. The established technology using embryonated chicken eggs is slow, laborious, and limited in volume. Indeed, it has inherent drawbacks in strain selection, because not all viruses can be cultivated in this way, as was illustrated in 2003 when a poorly matching A/Panama/2007/99(H3N2) vaccine had to be used because the predominant circulating strain, A/Fujian/ 41/2002(H3N2), could not be isolated for growth in eggs until the year after [19] . One approach to overcoming these shortcomings and avoiding the reliance on eggs is to cultivate vaccine viruses in cell culture, which can then be scaled up in times of high demand; however, this technology must first be confirmed. In the present phase 3 study, the largest clinical trial undertaken with a CCIV to date, we compared a novel CCIV with an established egg-based control vaccine.
The statistical objective of the study was achieved, as we demonstrated that both vaccines surpassed the regulatory requirements for immunogenicity of seasonal influenza vaccines; the actual immune responses (assessed as geometric mean titers) and the statistical comparison of the CHMP criteria demonstrated that the CCIV was noninferior to the conventional egg-based control vaccine. This was true not only in healthy adult and elderly populations but also among those with no baseline seroprotection or with defined comorbidities. Accepting the limitation of sample size within these subsets, there was no evidence that the immune response to either of the vaccines differed from that in the overall population, and inclusion of these subjects did not affect attainment of CHMP criteria or demonstration of noninferiority. There were no clinically significant differences in the tolerability or safety profiles of the 2 vaccines-the only statistically significant difference being more frequent reports of transient, mild, or moderate injection site pain with the novel vaccine. However, the overall frequency was low-affecting ∼15% and ∼11% of all CCIV and control vaccine recipients, respectivelyand the pain did not interfere with normal day-to-day activities of the recipients. The overall rates were comparable to the prevailing frequency in a number of studies with other influenza vaccines [20] [21] [22] [23] .
Our study is the first conducted in a large population to confirm the safety and immunogenicity of CCIV in both nonel- derly and elderly adults. Smaller preliminary studies have demonstrated the similar immunogenicity of CCIVs and conventional egg-based vaccines in small populations typical of phase 1 and 2 trials [13, 16] . The CCIV evaluated in the present study was well tolerated and immunogenic in a recent phase 2 trial conducted in healthy adults !50 years of age [24] and in a previous phase 1-2 trial conducted in adults and elderly persons [16] . Cell lines other than MDCK, such as African monkey kidney (Vero) cells [25] , have been investigated as cell substrates for influenza vaccine production. In a small trial, an experimental trivalent influenza virus HA vaccine produced using Vero cells was well tolerated and immunogenic in healthy adults ( ) [26] . In addition to vaccines produced using mamn p 154 malian cell culture, a novel vaccine was recently produced in insect cells using recombinant baculoviruses [27] .
MDCK cells are more permissive than chicken eggs for the propagation of human influenza viruses. Human influenza viruses bind to Sia-a2-6gal receptors, which predominate on nonciliated respiratory epithelial cells, in contrast to the viral receptor on the egg allantoic membrane, which is a Sia-a2-3gal disaccharide [28] . Inoculation of clinical samples into eggs selects for viral variants that bind to Sia-a2-3gal receptors and, because the receptor binding site of the viral HA contains important antigenic domains, attendant changes in receptor-binding specificity can also result in significant antigenic changes in the HA [29] . MDCK cells, however, express both Sia-a2-6gal and Sia-a2-3gal receptors, minimizing the host cell selection of variants. In fact, inoculation of clinical isolates into MDCK cells results in viruses with HA that is structurally identical to that of the original isolate [5, 9, 30] . Therefore, the MDCK cell line could be used not only to produce influenza vaccines but also to isolate and select the seed strain to be used for vaccine production, providing a closer antigenic match to the circulating wild-type strains than egg-derived seed strains. CCIV derived from MDCK seed strains may therefore be expected to have a more authentic match to circulating wild-type viruses and, in theory, better efficacy than conventional eggbased vaccines. To date, this has been demonstrated only in animal models [5, 9] .
The present phase 3 study, which involved 12650 adult and elderly participants, has demonstrated that the immune response to a cell culture-derived subunit influenza vaccine is noninferior to the immune response to a conventional eggbased influenza vaccine. Both vaccines elicited immune responses that surpassed the European requirements for the licensure of influenza vaccine without compromising safety or tolerability. Thus, it may be feasible to supplement current eggbased influenza vaccines with a CCIV produced by contemporary biotechnological processes. Indeed, in some patient groups the new vaccines may be preferable, to prevent reactions to the components of egg-based vaccines. Because CCIVs are not dependent on eggs, they have the potential to propagate a wider selection of virus strains and offer benefits in terms of viral authenticity, supply reliability, and flexibility.
